BACKGROUND: Overweight andaor excessive weight gain, as well as changes in central fat deposition, have been implicated in increased incidence of coronary disease and type 2 diabetes. OBJECTIVE: We related adiposity (BMI, kgam 2 , and waist circumference, WC, cm) to biochemical risk factors (cholesterol, triglyceride and glucose concentrations) for cardiovascular disease and diabetes. DESIGN: Associations were examined both cross-sectionally and longitudinally, among 867 men enrolled in the Normative Aging Study (NAS). We included all participants with complete anthropometric and clinical data at both enrollment (average age 45 y) and after approximately 15 y of follow-up (average age 60 y). We used multiple linear regression analysis to test relationships between body fatness and change in body fatness and the biochemical indices. RESULTS: In adulthood, concurrent BMI and waist circumference related signi®cantly to triglyceride and glucose concentrations and to 2 h glucose responses at two time points. Measures of fatness 15 y earlier were also predictive of later triglyceride and glucose measures. When included together, BMI, but not WC, remained independently associated with triglycerides at both time points, while WC, but not BMI, remained signi®cantly associated with fasting glucose concentrations and glucose response at the follow-up observation. In contrast, gains in weight and abdominal fat from entry to follow-up related more strongly to serum cholesterol concentrations than did concurrent measures. CONCLUSION: Attained weight, weight gain, and location of weight contribute differentially to these indices of cardiovascular and diabetes risk.
Introduction
Overweight has been implicated in increased incidence of atherosclerotic coronary heart disease (CHD), hypertension and type 2 diabetes as well as increased mortality. 1 ± 5 High body weight has also been associated with risk factors for cardiovascular disease and diabetes, including high serum cholesterol, triglyceride and glucose concentrations. 6 ± 9 The associations between body weight and cardiovascular morbidity and mortality are modi®ed by body composition, age and gender. 1,10 ± 15 Weight gain, in addition to current weight, may be important, as may the age at which the weight is gained. One study reported that weight gained after adolescence was associated with increased CHD among middle-aged women compared to middleaged women with stable (albeit high) weights. 16 Another study reported that overweight during adolescence (from 13 to 18 y) was associated with increased later morbidity (CHD) and mortality, independent of adult weight. 17 The site of fat deposition is also important. Abdominal obesity is associated with increased mortality and increased incidence of diabetes and CHD. 8,15,18 ± 21 The relationship of the waist to hip circumference ratio (WaH), an index of abdominal obesity, to serum lipid concentrations (eg cholesterol and fractions, triglycerides) independent of body weight, has been inconsistent. 8,22 ± 25 To explore these issues further, we related weight and abdominal fat deposition from adolescence to adulthood to biochemical risk factors for cardiovascular disease and diabetes in men enrolled in the Normative Aging Study (NAS). This prospective study provided an opportunity to examine in detail the contribution of weight and changes in observed weight and adiposity over 15 y in men who were, on the average, 45 y of age at study entry and close to 60 y at follow-up.
Methods

Subjects
Between 1961 and 1970, the NAS recruited 2280 male volunteers, aged 21 ± 81 y (mean 42 y). Clinical exams have continued at 3 ± 5 y intervals. Almost 98% of subjects were White; 86% had ®nished high school and 26% were college graduates. Volunteers were excluded if they had initial histories or evidence of hypertension, diabetes mellitus, cardiovascular disease, cancer or other serious disease. Body weight was not a criterion for exclusion. See Bell et al 26 for a detailed description of the study protocol and methodology. By late 1993, approximately 19% (434) of the original sample had died, 9% (209) had dropped out (usually between the ®rst and second exams) and 1% 28 had been lost to follow-up. Of the remaining subjects, 170 no longer resided in the Boston area. Approximately 88% (1400) were continuing participants with an average age of 68 y in 1993.
We selected for detailed analysis 863 subjects who were free of diagnosed heart disease and diabetes at baseline, and who had subsequent anthropometric examinations and biochemical data 13 ± 17 y after baseline (mean age, 60 y), for an average duration of follow-up of 15 y (see Grinker et al 27 for complete methodology). The number of subjects with complete anthropometric and biochemical data at entry and follow-up ranged from 725 (for fasting triglycerides) to 858 (for cholesterol and fasting glucose).
Variables
Dependent variables included fasting total serum cholesterol (mmolal), fasting triglyceride (mmolal) and fasting and 2 h post-load glucose concentrations (mmolal), which were measured routinely in the study. Detailed methodologies for these serum assays have been presented previously. 21, 28, 29 The anthropometric variables included height (using a wall chart, to the nearest 0.1 inch); weight with minimal clothing (measured on a balance-beam scale to the nearest 0.5 lb); abdominal circumference (AC) measured to the nearest 0.1 cm at the level of the umbilicus perpendicular to the body axis without compression of the skin); and hip breadth (HB) measured at the largest extension of the trochanter without compression of soft tissues on seated subjects using an anthropometer; (GPM, Gneupel, Switzerland). Body mass index (BMI) was calculated as weight (in kg) divided by height 2 (in m). Our index of adiposity was waist circumference. Several recent studies have suggested that this measure is associated more strongly with health risk than the previously commonly used waistahip ratio. 30 ± 32 Age, age 2 , smoking status and alcohol intake were used as control variables in initial multivariate analyses. Smoking status and alcohol intake have been reported to contribute to changes in body habitus. 27, 33 Age 2 was used to assess possible non-linear (quadratic) relationships between age and the body composition and serum biochemical values. Smoking status (at each examination) and alcohol intake (in 1982) were assessed by questionnaire. Smoking status categories were: (1) never smoked or smoked only prior to baseline measurement; (2) quit during the period of observation; and (3) smoked throughout. Subjects who restarted or with unknown smoking status were not included in these analyses. Smoking status, alcohol intake and age 2 were not signi®cantly related to changes in body habitus or to the various biochemical values, and were therefore removed from the ®nal models, while age was retained. Previous studies have also failed to ®nd additional contributions to the relationships of changes in fat distribution or glucose concentrations with cigarette smoking or alcohol intake. 21, 34 Statistical analyses Paired t-tests were used to assess the change in anthropometric and biochemical indicators from baseline to the 15 y follow-up timepoint. We also examined these changes by baseline weight status (BMI b 25 vs 25 kgam 2 and waist circumference b 102 cm vs 102 cm). Multiple linear regression models controlling for age were used to assess the relative in¯uence of BMI and waist circumference on serum cholesterol, triglyceride, fasting glucose concentrations and 2 h post-load glucose response. The latter was calculated as the change between serum glucose concentration 2 h after a standard glucose load minus baseline fasting glucose concentration. Biochemical values were regressed on BMI and waist circumference separately and together at concurrent and previous timepoints, adjusting for age. In addition, changes in biochemical measures over the 15 y of observation were assessed in relation to changes in each anthropometric measure by regressing each biochemical measure at follow-up on the observed 15 y change in BMI or waist circumference, adjusting for the baseline biochemical measure, the concurrent anthropometric measure and age. All analyses were done using the Statistical Packages for the Social Sciences (SPSS). 35 
Results
BMI and central adiposity at entry and 15 y follow up, and biochemical indices
The number of subjects and group means for the biochemical and anthropometric data at study entry and follow-up are presented in Table 1 . Over the 15 y
Changing patterns of weight and fatness and biochemical indices JA Grinker et al of observation, there were signi®cant increases in all indices. Figure 1 shows few differences in cholesterol concentration by either BMI or waist circumference group. After 15 y, those with lower initial anthropometric measures had somewhat greater increases in their cholesterol than did those initially classi®ed as obese. The picture is clearer for triglycerides. Those with initially high BMI andaor waist circumference, had greater baseline and 15 y triglyceride concentrations than did those who were not initially obese ( Figure 2 ). Baseline fasting glucose and 2 h postload glucose concentrations were somewhat greater with greater BMI, but did not differ signi®cantly by waist circumference (Figures 3 and 4) . However, 15 y increases in both glucose measures were greatest for those with initially high waist circumference.
The two anthropometric indices, BMI and waist circumference, were highly intercorrelated (r 0.84 at baseline and 0.85 at follow-up). Biochemical indicators were also inter-correlated and, with the exception of correlations between cholesterol and glucose measures, the strength of these intercorrelations tended to be greater at the follow-up observation, when subjects averaged 60 y of age (Table 2) .
Type 2 diabetes mellitus and heart disease
During the 15 y follow-up, 90 men (10%) developed heart disease and 24 (3%) developed type 2 diabetes mellitus. Those who developed type 2 diabetes (compared with those who developed neither condition) Changing patterns of weight and fatness and biochemical indices JA Grinker et al ), waist circumference (99.3 vs 92.8 cm), triglyceride concentrations (1.8 vs 1.5 mmolal) and post-load (but not fasting) glucose concentrations (7.0 vs 5.8 mmolal). Those who developed heart disease also had higher average baseline BMI, waist circumference and triglycerides (26.4 kgam 2 , 95.7 cm and 1.7 mmolal, respectively) than those who developed neither (P`0.05). In addition, the heart disease group had signi®cantly higher average baseline cholesterol concentrations (5.8 vs 5.3 mmolal; P`0.001), but did not differ from those who developed neither disease in either baseline glucose measure.
Serum cholesterol
After adjusting for variation in baseline age (average 45 y), cholesterol concentration at study entry was signi®cantly related to concurrent BMI (Table 3) . This association appeared to be stronger when adjusted for concurrent waist circumference. On its own, waist circumference was not signi®cantly associated with cholesterol concentrations at average age 45 y, and even became negatively associated when BMI was included in the model. At the 15 y follow-up (average age 60 y), cholesterol concentration was not related to concurrent BMI either alone, or after adjustment for waist circumference. However, increases in BMI over this time period were positively Changing patterns of weight and fatness and biochemical indices JA Grinker et al associated with increases in cholesterol concentration. In these models, waist circumference was not associated with concurrent cholesterol measures, but increases in waist circumference over time were signi®cantly associated with increases in cholesterol concentration.
Serum triglycerides
The relationships of the two indices of body habitus to fasting serum triglyceride concentrations differed from those for cholesterol (Table 4) . Both BMI and waist circumference at study entry and at follow-up were each signi®cantly related to concurrent triglyceride concentrations. When both were placed in the model together, BMI remained independently associated with triglycerides, while waist circumference did not. Each of these body habitus measures at average age 45 y were also signi®cantly predictive of triglyceride concentrations 15 y later. In contrast to the ®ndings with cholesterol, increases in BMI or waist circumference were not associated with increases in serum triglycerides. Rather, concurrent measures remained strongly associated after adjustment for 15 y changes. Together these results suggest that concurrent and persistent overall fatness are most associated with triglyceride concentrations.
Fasting glucose
The results for fasting glucose concentrations were similar to those for triglycerides when body habitus measures were included separately (Table 5 ). Concurrent BMI and waist circumference, at both study entry and at follow-up, were each signi®cantly associated with fasting glucose concentrations. The strength of these associations increased by the 15 y follow-up, and earlier anthropometric measures were predictive of later glucose concentrations. As seen for the triglycerides, concurrent BMI and waist circumference each remained signi®cantly associated with change in glucose from entry to follow-up after adjustment for change in each respective measure of body habitus. In fact, after adjustment for each Analyses with change in BMI or WC were also adjusted for baseline cholesterol concentrations. Analyses with change in BMI or WC were also adjusted for baseline triglyceride concentrations.
Changing patterns of weight and fatness and biochemical indices JA Grinker et al concurrent measure, the respective anthropometric change measure presented with negative coef®cients, further emphasizing the greater importance of the concurrent status. When both anthropometric measures were in the same models, however, the results for fasting serum glucose differed from those for triglycerides. At entry, neither measure remained independently associated with serum glucose. At the 15 y follow-up, in contrast to the triglyceride results, waist circumference but not BMI was independently associated with glucose concentrations.
Post-load change in glucose concentrations
Post-load serum glucose concentration (measured 2 h after the administration of a standard dose) minus fasting glucose, measures the post-load increase in glucose. Post-load increases in glucose concentration at study entry were, surprisingly, related to both concurrent BMI and to waist circumference in a negative direction (Table 6 ). At study follow-up, when subjects were approximately age 60 y, however, post-load glucose rise was signi®cantly and positively related to both past and to concurrent BMI and waist circumference, when entered separately. Change in response measure over the 15 y observation was also signi®cantly associated with concurrent BMI and waist circumference after adjustment for the corresponding change variable for each of these body measures. The 15 y BMI change variable approached, but did not achieve signi®cance, after adjustment for attained BMI (P 0.10).
When BMI and waist circumference were entered together, BMI approached signi®cance (P 0.09), but only concurrent waist circumference at remained signi®cantly associated with this outcome measure at follow-up.
Discussion
Several cross-sectional and several longitudinal studies have examined the associations between body Analyses with change in BMI or WC were also adjusted for baseline fasting serum glucose concentrations. Table 6 Association of BMI and waist circumference at study entry (E) and study follow-up (F) with 2 h postprandial change in serum glucose concentrations (mmolal) Analyses with change in BMI or WC were also adjusted for baseline 2 h postprandial change in serum glucose concentrations.
Changing patterns of weight and fatness and biochemical indices JA Grinker et al weight and fat distribution with serum risk factors for CHD or non-insulin dependent diabetes (NIDD). 9, 12, 37 Our results in male veterans, using both cross-sectional and prospective data, suggest that the relationships are distinct for each risk factor, and that the underlying mechanisms are therefore likely to be different as well.
Cross-sectional comparisons
Cross-sectional studies have suggested that excessive body weight is associated with greater serum cholesterol and triglyceride concentrations. 8, 9, 12, 38 Several studies have found patterns of fat distribution, particularly abdominal or central obesity, to be more closely related than body weight or BMI to serum risk factors for cardiovascular disease. 39, 40 Other studies have concluded that overall obesity is as important as fat distribution, especially for associations with lipidalipoprotein concentrations. 41 ± 43 In 50 y old Japanese men, serum lipid and glucose concentrations were almost linearly associated with increasing BMI and waist ± hip ratio. 9 In Danish studies, the relationships between obesity and total cholesterol and triglyceride concentrations were age and gender dependent, 12, 37 with stronger associations in younger, compared with older age groups. Among men, waist ± hip ratio, independent of BMI, accounted for signi®cant variance in triglyceride, but not in total cholesterol concentrations. Several other studies have reported that men older than 45 y often had higher absolute values for CHD risk factors, but that overweight was more strongly associated with blood pressure, cholesterol, triglyceride or glucose concentrations among younger men. 44 ± 47 A recent study 48 reported that both BMI and waist ± hip ratio correlated positively with cholesterol and triglyceride concentrations in women, while only waist ± hip ratio was signi®cantly associated with these biochemical measures in men.
Our cross-sectional data, at differing ages, provide useful adjuncts to these studies. Both age as well as the pattern of fat deposition were important with regard to speci®c biochemical cardiovascular risk factors. There were major differences between the body composition relationships with triglyceride, cholesterol and glucose concentrations at the differing time points. Consistent with other studies on BMI and cholesterol, serum cholesterol concentration at study entry (mean age, 45 y) was signi®cantly associated with concurrent BMI, while 15 y later it was not. In contrast, serum triglyceride and glucose concentrations were related to concurrent BMI and waist circumference at both study entry and follow-up.
Prospective comparisons
A recent study 49 investigated 12 y changes in body composition and subcutaneous fat distribution in middle-aged subjects (early forties at initiation) and changes in plasma lipoprotein ± lipid concentrations.
They reported that increases in the total cholesterolaHDL cholesterol ratio were signi®cantly associated with increases in body fat mass. Other studies have reported relationships between weight change and changes in total cholesterol and triglycerides. 50 ± 51 One study 52 reported signi®cant 1 y increases in serum cholesterol with increases in fatness in men aged 40 ± 55 at study entry. Increased total body fatness between ages 19 and 29 y was also thought to be the major determinant of the rise in total cholesterol in a study of Dutch men. 53 Similar longitudinal results have been reported for these cardiovascular risk factors in young men who were followed for 32 y. 54 Our prospective data con®rm these observations for both overall and central adiposity and help to clarify these relationships with aging. Furthermore, these prospective data show clearly that the patterns of associations between body habitus and serum cholesterol and triglyceride differ. For triglyceride concentrations, attained BMI appears to be most important, while increases in these measures over time appear more important to increases in serum cholesterol than attained measures. The relatively strong correlations between baseline and 15 y measures for both anthropometric and serum indices show that these risk factors seen in middle life tend to track into later adulthood, suggesting that early intervention is important.
Several prospective studies have reported that the relationships among risk factors and central adiposity weaken with age. 42, 55 Our results at the 15 y follow-up do not suggest a loss of association between BMI and attained cholesterol or triglyceride concentrations at older ages. Concurrent associations remained strong at both time points. Furthermore, there were strong associations between gains in BMI or waist circumference and increases in cholesterol over time, and, for this outcome variable only, these increases were more important than attained concentrations. Although a recent examination of central adiposity in women concluded that waist circumference contributes to risk for cardiovascular disease, independent of BMI, 56 we found that attained BMI, but not waist circumference, was independently associated with triglyceride concentrations, and to baseline cholesterol concentrations in these aging men.
An earlier analysis from the Normative Aging Study 21 reported that overall adiposity was only slightly more strongly associated with the occurrence of impaired glucose tolerance than was central obesity. Our results for serum glucose extend these earlier ®ndings. The associations between both BMI and waist circumference with serum glucose concentrations became stronger over time. At baseline, neither showed an independent effect after control for the other. There was, however, a change in the relationship of measures of body habitus to glucose concentrations over time, suggesting an important change in glucose metabolism. At the 15 y follow-up (mean age Changing patterns of weight and fatness and biochemical indices JA Grinker et al 60 y), but not at baseline (mean age 45 y), central adiposity was signi®cantly associated with both fasting and 2 h post-load glucose concentrations, independent of BMI. Changes in BMI or in waist circumference, adjusting for attained measures, were not signi®cantly associated with increases in glucose concentrations or response. These results suggest that duration of fatness, rather than recent increases, are important factors in glucose status. The study of these biochemical indices longitudinally gives greater insight into the potential effects of body habitus on cardiovascular risk than is possible in a cross-sectional study. The results also strongly suggest that changes (increases) in fatness may be more detrimental than initial heaviness to some measures, while duration of fatness seems more important to others. Overall, control of both BMI and central adiposity during adulthood appear to be important in limiting risk factors for diabetes and heart disease.
